(Received 12 July 2013; accepted 23 August 2013; published online 1 October 2013) Transmission X-ray microscopy is employed to detect nanoscale valence changes in resistive switching SrTiO 3 thin film devices. By recording Ti L-edge spectra of samples in different resistive states, we could show that some spots with slightly distorted structure and a small reduction to Ti 3+ are already present in the virgin films. In the ON-state, these spots are further reduced to Ti 3+ to different degrees while the remaining film persists in the Ti 4+ configuration. These observations are consistent with a self-accelerating reduction within pre-reduced extended growth defects. © 2013 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution 3.0 Unported License.
[http://dx.doi.org/10.1063 /1.4822438] In recent years resistive switching in transition metal oxides received a lot of research interest due to the proposed application as resistive random access memory (RRAM). [1] [2] [3] In material systems which are classified as valence change materials (VCM) the resistive switching process is usually attributed to the diffusion of oxygen vacancies driven by the applied voltage and an associated valence change of the transition metal cations. While these models can explain the macroscopic resistive switching behavior, microscopic details are still unknown. Spectroscopy can be used to directly monitor the relevant valence change, [4] [5] [6] but in order to study the presumably filamentary resistive switching process 7-10 within a complete metal-insulator-metal (MIM) structure a significant information depth as well as a high lateral resolution is required. Therefore, NEXAFS-transmission X-ray microscopy (TXM) is a powerful tool as it probes the whole film volume with a lateral resolution down to 25 nm. 11 For NEXAFS-TXM experiments photon transparent samples with a thickness below 100 nm are irradiated by photons in the soft X-ray regime. Fresnel lenses are used as objectives to obtain a magnified image of the sample. Spectroscopic information can be gained by tuning the incident photon energy. In contrast to almost any other technique it is therefore possible to investigate both interfaces of the MIM structure. On the field of resistive switching up to now X-ray microscopy studies have only been reported for the investigation of polycrystalline devices which have been deposited on thin Si 3 N 4 membranes. 5, 12 In this work we will employ bulk-sensitive NEXAFS-TXM to study the valence change in resistive switching devices based on single-crystalline SrTiO 3 thin films. Although industrial RRAM focus on amorphous or polycrystalline films grown on CMOS compatible Si, epitaxial films are very useful as a model system due to the absence of grain boundaries and a more defined defect a E-mail: a.koehl@fz-juelich.de structure. 13, 14 In order to combine the need for a single crystalline growth template with a final sample thickness below 100 nm a new sample preparation is developed.
The preparation of single crystalline films suited for transmission experiments is based on a multi-layer sample design as depicted in Fig. 1(a) . The epitaxial films are grown by pulsed laser deposition (see the supplementary material 15 for detailed growth conditions). Starting from a commercially available NdGaO 3 (NGO) substrate (CrysTec GmbH, Berlin) we first deposit 100 nm of La 0.7 Sr 0.3 MnO 3 (LSMO), which will later be used as a sacrificial layer. Subsequently, 15 nm SrRuO 3 (SRO) and 20 nm 5%Fe:SrTiO 3 (STO) are grown, which will act as bottom electrode and active film, respectively. Due to the small lattice mismatch of these (pseudo)cubic perovskite materials epitaxial growth can be achieved for all three films which has been confirmed by X-ray diffraction. Atomic-force microscopy proves a smooth film surface with a root mean square roughness of 0.4 nm. For the preparation of the top electrodes, 8 nm of Pt is sputter-deposited and lithographically patterned to pads of 10 μm × 10 μm.
For electrical characterization, the SRO layer, which shows metallic conduction, is contacted via wire bonding and the Pt pads are contacted directly with probing needles. The initially large resistance is irreversibly transformed to the M -regime by a forming sweep with 600 μA compliance (see Fig. 1(c) ). Afterwards bipolar resistive switching with "counter-eightwise" polarity 10 over roughly three orders of magnitude and with good pad-to-pad reproducibility is observed. By automatic stepping several pads are set into the ON-state.
After preparation and electrical treatment of the switching device, the necessary sample thickness for NEXAFS-TXM below 100 nm is achieved by separating the MIM structure from the substrate by a sample preparation which is inspired by the extraction replica technique. 16 In a first step the switched MIM-structure is covered via sputter deposition with a 5 nm chromium adhesion layer. Afterwards a supporting carbon layer of roughly 40 nm is deposited on top by cathodic arc This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://aplmaterials.aip.org/about/rights_and_permissions Downloaded to IP: 134.94.122.242 On: Thu, 17 Apr 2014 06:02:02 evaporation. In order to detach the MIM-structure from the NGO substrate we utilize highly selective chemical etching with hydrochloric acid (HCl). While HCl will dissolve LSMO, the etching rate on STO is expected to be extremely slow. 17 According to literature 18, 19 and experimental tests on our samples the etching of SRO is also significantly below the SRO film thickness on the time scales used for etching. Therefore, we maintain both relevant interfaces of the MIM structure.
In order to etch the samples, the whole sample stack is exposed to HCl vapor by mounting it above a beaker of fluid HCl, which is heated to 80 • C (for more details about the etching process see the supplementary material 15 ). During etching in HCl vapor no visible changes are observed, but when the sample is transferred into water after 15 min large flat pieces of carbon film with MIM structures are immediately detached from the substrate (probably due to surface tension effects). Figure 1 (b) shows a scanning electron microscope (SEM) image of a detached carbon layer which supports the MIM structures on a TEM grid.
The NEXAFS-TXM study was performed at the U41-XM beamline at the BESSY II electron storage ring operated by the Helmholtz-Zentrum Berlin. At this endstation, Ti L-edge spectra can be measured with a spectral resolution of up to E/ E = 10 4 and a spatial resolution of 25 nm. 11 In order to record spectra with sufficient signal to noise ratio for each photon energy five separate images are acquired and summed up. Additionally the spectra are normalized by a nearby reference signal without Ti-signature to account for inhomogeneities in the beam intensity. Figure 2 (a) presents a TXM image at the Ti-resonance with a photon energy of hν = 458.0 eV of a typical virgin sample. Dark contrast is due to the absorption in the STO thin film. Due to adhesion problems (see the supplementary material 15 for details) the pads are usually not completely preserved on the support layer, but typically one can find some homogeneous areas of STO as well as several small "spots" of roughly 80-200 nm which also show strong Ti contrast. These spots are observed on ON as well as Virgin pads and therefore are a result of the thin film preparation. Lenser et al. 20 observed extended growth defects of comparable size on SrTiO 3 thin films grown by PLD and explained it by a preferred nucleation at the exits of screw dislocations on the substrate. We assume that similar growth defects in our film are the reason for these spotlike structures. The effect might even be enhanced by the subsequent growth of three different perovskite layers as the lattice mismatch might induce additional defect sites. The enhanced contrast (darker color in Fig. 2(a) ) of the growth defect compared to the film can be explained by an increased sample thickness as additional material is accumulated at the growth defect. 20 With energy dispersive X-ray spectroscopy we confirmed the presence of Pt and Ru on all regions with Ti contrast, which demonstrates that the complete stack is preserved and contributes to the NEXAFS-TXM signal.
On a virgin pad the Ti L-edge spectra of the homogeneous film as well as the growth defect reveal the typical absorption characteristic of a Ti 4+ configuration in STO in good agreement with literature 21, 22 (see Fig. 2(b) ). The Ti L-edge is caused by the excitation of electrons from 2p into 3d level and shows four well separated main lines due to the spin-orbit splitting into L 2 and L 3 lines and the crystal-field splitting into t 2g and e g lines in octahedral symmetry. 23 Direct comparison of the spectra reveals a general increase of the full-width-half-maximum (FWHM) of the e g lines for the spectra of the growth defects. For the L 3 lines we quantitatively observe a broadening from FWHM(L 3 ) film = 0.5 eV to FWHM(L 3 ) defect = 0.7. . . 0.9 eV. In octahedral symmetry the e g orbitals point to the ligands and are therefore more strongly bound than the t 2g orbitals which point in between the ligands. 23 This stronger hybridization of the e g orbitals can explain why variations of the spectral line shape upon changes of the chemical environment (see Figs. 2 and 3 ) are mainly concentrated on the e g lines. The observed broadening of the e g lines could be a signature of a slightly reduced long range order within the growth defect while the local structure is still dominated by the Ti 4+ configuration in perovskite lattice geometry. 23, 24 Additionally, on some defects a small shift (below 100 meV) of the e g lines to lower photon energies is detected. The interpretation of this shift will be discussed later in combination with the results on the switched pads.
After characterization of the virgin pads we will now move on to the analysis of the pads which have been set into the ON-state. The homogeneous parts of the film have an identical Ti-signature of a pure Ti 4+ configuration as observed for the virgin area. However, for the spectra of the extended growth defects clear variations occur. In Fig. 3(a on the e g lines. An additional peak arises at the lower photon energy side of the L 3 e g peak, which is observed as shoulder next to the original peak or a shift of the line. Moreover, the L 2 e g line is shifted to lower photon energy and the pre-edge features show increased intensity. Generally the observed shifts to lower photon energies indicate a lower valence and therefore the occurrence of Ti 3+ states. [25] [26] [27] [28] The detailed line shape of our results can be compared to literature results of Abbate et al., 22 who presented Ti-XAS spectra for a systematic concentration series La 1-x Sr x TiO 3 with x = 0. . . 1. In this system, which we have used as a reference, substituting of Sr 2+ ions with La 3+ ions reduces the original Ti 4+ to a Ti 3+ configuration, while maintaining the perovskite structure. This reduction of Ti leads precisely to the effect on the Ti-XAS spectra we observed within the growth defects after switching into the ON-state. Therefore, we can assign the variations in spectral shape of the growth defects after switching into the ON-state to a different degree of reduction of Ti 4+ to Ti 3+ . Via the redox-reaction 2Ti 4+ + O → 2Ti 3+ + V ·· O + 1 2 O 2 (g) this reduction is directly connected to the creation of oxygen vacancies. In general XAS-spectra reflect also variations in symmetry and strength of the crystal field and indeed modification of the line shape have been reported upon heavy distortion of STO films. 29 Nevertheless, the distortion due to oxygen vacancies in STO is very small 30 and therefore, compared to the valence change, the effect of crystal field has only a minor effect on the line shape. 31, 32 Based on the spectroscopic results we propose the following model (see Fig. 3(b) ): The virgin film consists of a perfect STO thin film containing some extended growth defects. Although the film is slightly disturbed within these growth defects the local structure consists of a perovskite lattice with Ti 4+ configuration. As mentioned before, on some of these defects a small shift of the e g peak position is observed. In line with the results observed at the ON-pad, this could be an indication of a small concentration of Ti 3+ states within the growth defect. Therefore, we propose that some of the growth defects are pre-reduced already in the virgin state. In accordance to the . For comparison the inset shows the electrical data (for details see Fig. 1(c) ). After degradation of the resistance over nine orders of magnitude a clear reduction to Ti 3+ is visible.
current models for VCM type switching we assume that during forming oxygen is excorporated from the film, 7 which leads to the observed reduction of titanium. Due to the pre-reduction of the film within the growth defects, which goes along with a higher local n-conductivity, the current density inside the defects is increased relative to the film, thus accelerating the oxygen diffusion. Considering the rather high currents in the mA-regime, significant Joule heating in well conducting paths will lead to self-accelerating of the process and therefore small differences of the starting configuration can lead to large variations in the final composition. 33 This can explain that no reduction is obtained in the homogeneous, defect-free film and that different growth defects will show different degrees of reduction.
In terms of the macroscopic electrical behavior, the different filamentary paths within the growth defects constitute a parallel circuit. While at the beginning several growth defects are reduced, due to the self-accelerating process the current will finally concentrate on one single filament. This filament will carry the main current and dominate the overall pad resistance. Therefore, we consider in Fig. 4 the spectrum of the growth defect, which shows the lowest value of the energy position of the L 3 e g peak of the ON-pad and compare it to the spectrum of a growth defect of the virgin pad. The huge change in resistance over nine orders of magnitude is accompanied by a considerable change in the line shape of the Ti L-edge showing clearly the reduction to Ti 3+ states. The analysis has been repeated on a second independent pair of virgin and ON-pad and resulted in very similar electrical and spectroscopic results.
The sensitivity of XAS for the crystal field also allows us to study the formation of new phases. For the related system of TiO 2 there is evidence that the resistive switching process is directly connected to the formation of new phases. 34, 35 For the STO system, the perovskite lattice can accommodate a Sr deficiency induced by Sr-diffusion to the surface during electrical treatment 9 by the creation of Sr-vacancies. Nevertheless, more severe modifications might lead to a complete phase separation and the formation of TiO 2 or the oxygen deficient Magnéli phases. The observed spectral shape of the growth defects in the virgin film as well as after forming shows good agreement with the La 1-x Sr x TiO 3 reference, but cannot be explained by the formation of new phases. In accordance with literature on STO we observe a splitting of the L 3 edge of E eg -E t2g (L 3 ) = 2.3 eV for the virgin film, 21, 22 which is reduced during the electrical treatment. In contrast, both TiO 2 phases anatase and rutile show a double peak structure including a significant line with a splitting of more than 2.5 eV. 11, 36, 37 As no additional intensity is observed at this energy position, we can exclude the formation of TiO 2 phases. The Magnéli phases show very broad spectral features with only two clearly separated peaks 37 which would be in strong contrast to the observed four-peak structure. Therefore in our system, resistive switching occurs clearly due to a valence change process without any evidence for the formation of new phases.
In conclusion, we have employed NEXAFS transmission X-ray microscopy to investigate the Ti L-edge absorption of resistively switched epitaxial SrTiO 3 thin films. Based on wet chemical etching of a sacrificial layer, a new route for sample preparation was developed to allow the combination of a thick single crystalline substrate during thin film growth and a final sample thickness below 100 nm for the transmission experiment. On the virgin film, we observed a spectral shape, which is a signature of perfect Ti 4+ configuration in perovskite structure. Additionally we find growth defects with a slightly distorted symmetry and very small contributions of Ti 3+ states. After switching into the ON-state, we observed different degrees of reduction to Ti 3+ within the growth defects while the film remains in the isolating Ti 4+ configuration. We propose that these growth defects are significantly reduced to Ti 3+ during forming. The self-accelerating process will transform one of the growth defects into a completely conductive filament. Comparison with literature data of the Ti L-edge proves the conservation of the perovskite structure during the reduction without any indications for new phase formations. Overall we have been able to trace back the resistance change in a RRAM device to the underlying redox-process and allocate the switching filament to extended growth defects present in the virgin films.
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